DNA damage in human spermatozoa has been associated with a range of adverse clinical outcomes, including infertility, abortion, and disease in the offspring. We have advanced a two-step hypothesis to explain this damage involving impaired chromatin remodeling during spermiogenesis followed by a free radical attack to induce DNA strand breakage. The objective of the present study was to test this hypothesis by determining whether impaired chromatin protamination is correlated with oxidative base damage and DNA fragmentation in human spermatozoa. DNA fragmentation, chromatin protamination, mitochondrial membrane potential, and formation of the oxidative base adduct, 8-hydroxy-2 0 -deoxyguanosine (8OHdG), were monitored by flow cytometry/fluorescence microscopy. Impairment of DNA protamination during late spermatogenesis was highly correlated (P , 0.001) with DNA damage in human spermatozoa. The disruption of chromatin remodeling also was associated with a significant elevation in the levels of 8OHdG (P , 0.001), and the latter was itself highly correlated with DNA fragmentation (P , 0.001). The significance of oxidative stress in 8OHdG formation was demonstrated experimentally using H 2 O 2 /Fe 2+ and by the correlation observed between this base adduct and superoxide generation (P , 0.001). That 8OHdG formation was inversely associated with mitochondrial membrane potential (P , 0.001) suggested a possible role for these organelles in the creation of oxidative stress. These results clearly highlight the importance of oxidative stress in the induction of sperm DNA damage and carry significant implications for the clinical management of this condition.
INTRODUCTION
DNA damage in human spermatozoa has been correlated with impaired fertilization, disrupted preimplantation embryonic development, low rates of implantation, increased incidence of miscarriage, high rates of morbidity in the offspring, and diminished fertility in vivo and in vitro [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . The factors responsible for inducing this DNA damage are unknown, although physical factors, such as heat and electromagnetic radiation, as well as a range of xenobiotics, abnormalities of lipid metabolism, and age have been implicated in this process [12] [13] [14] [15] [16] . The molecular basis of the DNA fragmentation observed in the patient population also is largely unresolved. This is an issue of some importance, because a knowledge of the mechanisms responsible for inducing DNA stand breakage in the male germ line would inform our attempts to understand the etiology of this damage and to develop therapeutic approaches for its amelioration.
In this context, we recently advanced a two-step hypothesis to explain the origins of DNA damage in human spermatozoa [17] . According to this model, the first stage in the cascade of events leading to DNA damage involves an error in chromatin remodeling during spermiogenesis, leading to the generation of spermatozoa with poorly protaminated nuclear DNA. This creates a state of vulnerability in affected cells such that they are then susceptible to oxidative attack. The oxidative stress associated with the latter could originate in a number of different ways, including: 1) generation of reactive oxygen species (ROS) by leukocytes as a consequence of male genital tract infections; 2) electromagnetic radiation, including heat or radio frequency radiation in the mobile phone range; 3) redox cycling metabolites or xenobiotics, such as catechol estrogens or quinones; 4) ROS generated as a consequence of electron leakage from the sperm mitochondria; and 5) deficiency in the antioxidant protection afforded to these vulnerable cells during their transit through the male reproductive tract [13] [14] [15] [16] [17] .
This hypothesis predicts that close relationships should exist between the efficiency of chromatin remodeling, oxidative base damage to sperm DNA, and DNA fragmentation in human spermatozoa. These associations have been examined in the present study, which to our knowledge demonstrates for the first time the overriding importance of oxidative stress in the etiology of DNA damage in the male germ line, with important implications for the treatment and prevention of this condition.
MATERIALS AND METHODS

Reagents and Solutions
All chemicals and reagents used in the present research were obtained from Sigma Aldrich unless stated otherwise. All reagents used were of research grade. All fluorescent probes were purchased from Molecular Probes. Biggers, Whitten, and Whittingham (BWW) medium supplemented with 1 mg/ml of polyvinyl alcohol (PVA) was used in all experiments [18] . It was prepared fresh as required and kept at 378C with an osmolarity in the range of 290-310 mOsm/kg.
Human Spermatozoa
Ethical approval for the use of human semen samples was secured from the University of Newcastle human research ethics committee (H-712-0799) and the New South Wales State Government. Informed consent was obtained from men who donated material in accordance with the ethics approval. The donors comprised a pool of 95 students of unknown fertility status exhibiting an age (average 6 SEM) of 24.5 6 0.9 yr. The patient group was comprised of unselected male partners of couples undergoing assisted conception therapy in one of two infertility centers (Fertility First or Hunter IVF). In total, 130 patients were analyzed in the present study, exhibiting an age (average 6 SEM) of 38.9 6 0.6 yr. Semen samples were produced by masturbation, and after allowing at least 30 min for liquefaction to occur, spermatozoa were separated from seminal plasma on a discontinuous two-step Percoll gradient as described previously [19, 20] . The isolated spermatozoa were washed with 10 ml of BWW, centrifuged at 600 3 g for 15 min, and finally resuspended in Hepesbuffered BWW at a concentration of 20 3 10 6 sperm/ml and supplemented with 1 mg/ml of PVA. After acquiring each sperm fraction, the vitality, motility, and cell density of the spermatozoa were evaluated. Vitality was determined by transferring 5 ll of each cell fraction onto a microscope slide, followed by the addition of 5 ll of 0.5% eosin and subsequent examination under a light microscope. Motility was determined in BWW medium by transferring 10 ll of the same sample onto a prewarmed slide, overlaying with a coverslip, and analyzing sperm movement by phase-contrast microscopy. In both the vitality and motility assessments, 100 cells were counted, and the results are expressed as a percentage.
Dihydroethidium Assay
Dihydroethidium (DHE) is a poorly fluorescent, two-electron reduction product of ethidium (Et þ ) that on oxidation produces DNA-sensitive fluorochromes that generate a red nuclear fluorescence when excited at 510 nm. The results obtained with this probe have been validated as a measure of the ability of human spermatozoa to generate ROS, including definitive identification of the superoxide anion [20] . For the assay, DHE and the vitality stain, SYTOX Green (SyG; Molecular Probes, Invitrogen), were diluted in BWW/PVA and added to 2 3 10 6 spermatozoa in a final volume of 200 ll, comprising 175 ll of purified sperm suspension, 5 ll of test compound, and 20 ll of the DHE:SyG mixture to give final concentrations of 2 and 0.05 lM, respectively. The cells were then incubated in the dark at 378C for 15 min and washed once (600 3 g for 5 min), and the resultant red and green fluorescence was measured on a FACSCalibur flow cytometer (Becton Dickinson) as described previously [20] . The unstained control gave an average 0.23% DHE positivity (SEM, 0.22%). The DHE-positive control (50 lM arachidonic acid) displayed 97% DHE positivity (SEM, 0.22%), and the SyG-positive control (freeze-thawed cells) displayed 96% positivity (SEM, 1.27%).
Immunofluorescence Assay for 8-Hydroxy-2 0 -Deoxyguanosine
The formation of the 8-hydroxy-2 0 -deoxyguanosine (8OHdG) base lesion, which is a biomarker for oxidative stress, was measured using a specific antibody (Biotrin OxyDNA Test kit; Biotrin International Ltd.) conjugated to fluorescein isothiocyanate (FITC). The intensity of FITC fluorescence was then measured using the FACSCalibur flow cytometer. For the assay, cells were pelleted after Percoll purification by centrifugation at 600 3 g for 5 min. For the positive control, sperm cells were incubated for 1 h at room temperature with 2 mM H 2 O 2 and 1 mM FeCl 2 Á4H 2 O in a final volume of 200 ll of BWW. The H 2 O 2 concentration was determined by measuring absorbance at 240 nm. The cells were then washed twice in BWW, resuspended in 100 ll of 2 mM dithiothreitol in BWW, and incubated for 45 min at 378C. After centrifugation at 600 3 g for 5 min, the cells were then fixed by resuspending the pellet in 100 ll of PBS and 100 ll of 4% paraformaldehyde and then incubated at 48C for 15 min. The cells were then washed in PBS and stored in 200 ll of 0.1 M glycine at 48C for a maximum of 1 wk. Fixed cells were washed and resuspended in 100 ll of 0.2% Triton-X, then incubated at room temperature for 15 min, centrifuged (600 3 g for 5 min), and washed in Wash Solution (Biotrin OxyDNA Test kit). Next, 50 ll of blocking solution (Biotrin OxyDNA Test kit) were added before incubation at 378C for 1 h. The anti-8OHdG antibody was further purified by the addition of approximately 1 mg of activated charcoal powder, incubation at room temperature for 1 h, and centrifugation at 600 3 g for 5 min. The latter step was then repeated to ensure complete removal of the charcoal. The supernatant containing the purified antibody was then added in a 1:50 dilution to the fixed cells in enough wash solution to achieve a final volume of 100 ll. This was incubated for 1 h, after which the cells were washed twice, resuspended in 1 ml of PBS, and transferred to 5-ml fluorescenceactivated cell sorter (FACS) tubes for flow cytometric analysis.
TUNEL Assay
Spermatozoa were centrifuged (600 3 g for 4 min) before resuspending the pellet in 100 ll of fresh permeabilization solution (10 mg of sodium citrate, 10 ll of Triton-X in 10 ml of dH 2 O) and incubating for 2 min at 48C. The cells were then centrifuged (600 3 g for 4 min) and the pellets washed with PBS. The positive-control samples were treated with 100 ll of DNase I (1 mg/ml) for 30 min at 378C in a humid environment. TUNEL labeling was achieved with the In Situ Cell Death Detection Kit (Roche Diagnostics) according to the manufacturer's instructions. Cells were then washed twice in PBS, diluted to a final volume of 500 ll in PBS, and kept in the dark for analysis using flow cytometry.
Chromomycin A3 and TUNEL Dual Staining
The analysis of protamination and DNA strand breaks in the sperm chromatin was adapted from the Chromomycin A3 (CMA3) assay described by Manicardi et al. [21] and the TUNEL assay as outlined above. For dual CMA3/TUNEL-stained cells, the TMR-Red TUNEL kit (Roche Diagnostics) was used in place of the FITC-based In Situ Cell Death Detection Kit. After Percoll purification, the cells underwent centrifugation at 600 3 g for 5 min. The spermatozoa were then fixed by resuspending the cells in 100 ll of PBS and 100 ll of 4% paraformaldehyde and incubated at 48C for 15 min. The cells were washed in PBS and stored in 200 ll of 0.1 M glycine at 48C for a maximum of 1 wk. For microscopy, 10 ll of the stored sample were transferred to poly-L-lysine-coated microscope slides and left to settle for 2 h. The slides were then immersed in 0.2% Triton-X, incubated at 48C for 5 min, and then rinsed with PBS. The positive TUNEL control was treated with DNase I as described above. The samples were incubated with the TUNEL labeling solution according to the manufacturer's instructions for 1 h at 378C in the dark. For the last 20 min of the incubation period, 25 ll of CMA3 (0.25 mg/ml) in McIlvaines buffer were added. Then, CMA3 and TUNEL staining was analyzed by fluorescence microscopy after rinsing in McIlvaines buffer and cover slips were mounted on the slides in Mowiol. At 403 magnification, 100 spermatozoa were individually scored for CMA3 and TUNEL positivity using Zeiss filterset 09 (transmission at 450-490 nm, emission at 520 nm) and Zeiss filterset 15 (transmission at 546 nm, emission at 580 nm), respectively.
JC-1
JC-1 is a mitotracker dye that can report on the state of the mitochondrial membrane potential. In functional mitochondria, the electron potential drives the accumulation of the cationic JC-1 probe inside the organelle, which leads to a red fluorescence. If the potential is collapsed, JC-1 accumulation inside the mitochondria is disrupted, and the lower concentrations of the dye inside the mitochondria then fluoresce green. JC-1 working solution (20 lM) was prepared by diluting a 7.5 mM stock solution (in dimethyl sulfoxide) in BWW in a 1:375 ratio. After treatment, 20 ll of the JC-1 working solution (2 lM) were added to density-fractionated sperm cells (2 3 10 6 ), which were suspended in 180 ll of BWW/PVA. For the negative control, cells were incubated for 15 min with 10 lM of carbonyl cyanide m-chlorophenylhydrazone (CCCP) at room temperature before JC-1 staining. After incubation with JC-1 for 15 min at room temperature, cells were centrifuged (600 3 g) for 5 min and the pellet was resuspended in 1 ml of BWW/PVA. This was then transferred to the FACS tube, where propidium iodide (10 lg/ml) was added and analyzed by FACS.
Analysis by Flow Cytometry
For flow cytometry, Falcon 35 5-ml polystyrene round-bottom tubes were used for aspirating the sample into the FACS. At least 5000 cells were analyzed for each assay using a FACScalibur flow cytometer, and the gates were set, based on forward and side scatter, such that only spermatozoa were assessed, as described previously [20] . Fluorescence was measured on excitation by a 15-mW argon-ion laser at 488 nm and was paired with emission measurements using 530/30 band pass (green/FL-1), 585/42 band pass (red/FL-2), and .670 long pass (far red/FL-3) filters. The FL-1 and the FL-2 filters were used for the vitality stain (SyG) and ROS stain (DHE), respectively. For TUNEL and 8OHdG analysis, only the FL-1 filter was used for these assays. The FL-2 filter was used for CMA3 analysis. For JC-1 analysis, propidium iodide also was 518 DE IULIIS ET AL.
used as a vitality stain. Propidium iodide was measured on the FL-3 filter, and those events subsequently were excluded from the JC-1 fluorescence measured on FL-1 and FL-2. The software used to analyze the data was Cell Quest Pro (BD Biosciences). When samples did not contain enough spermatozoa for flow cytometry (i.e., ,3 3 10 6 sperm/ml), fluorescence microscopy was used. The correlation between these two methods in assessing 8OHdG and CMA3 labeling was examined by taking a 20-ll aliquot of each sample (n ¼ 22 for each assay) for microscopic analysis before flow cytometry. On each occasion, 100 cells were counted, and the percentage of positively stained cells was recorded. This analysis was completed blind with respect to the corresponding flow cytometry results.
Statistics
All experiments were completed in triplicate on independent samples, and the results were analyzed by ANOVA using the Statview and SuperANOVA programs (Abacus Concepts, Inc.) on a MacIntosh G5 computer. Post hoc comparison of group means was by Fisher PLSD test. Differences with P , 0.05 were regarded as significant.
RESULTS
DNA Damage Observed in Defective Human Spermatozoa Is Correlated with Impairment of Chromatin Protamination
The separation of donor semen samples on discontinuous Percoll gradients generated populations of spermatozoa of very different quality such that the cells recovered from the highdensity region of the gradient exhibited significantly superior motility (P , 0.001), vitality (P , 0.01), DNA integrity (P , 0.001), and chromatin protamination (P , 0.001) compared with the low-density Percoll fractions (Fig. 1) . Furthermore, linear regression analysis revealed a highly significant correlation between the levels of DNA damage observed in individual specimens and the efficiency of chromatin protamination (P , 0.001, R ¼ 0.956) (Fig. 2) . This strong association between chromatin protamination and DNA fragmentation also was evident when the high-density Percoll fractions of patients attending an in vitro fertilization (IVF) program were examined and compared with identical fractions from a cohort of unselected donors (R ¼ 0.829, P , 0.001 for the entire data set; R ¼ 0.684, P , 0.001 within the patient population) (Fig.  3A) . In this data set, the patients exhibited significantly greater CMA3 signals (P , 0.001) (Fig. 3B ) and significantly more DNA damage (P , 0.001) (Fig. 3C) than the donors.
Impaired Chromatin Remodeling Is Highly Correlated with Formation of 8OHdG
To determine whether oxidative stress was a major cause of the DNA fragmentation seen in the poorly protaminated sperm FIG. 1. Properties of donor sperm populations separated by discontinuous Percoll gradient centrifugation. The poor-quality spermatozoa isolated from the low-density region of the Percoll gradient were characterized by (A) significantly impaired motility (P , 0.001), (B) significantly reduced cell viability (P , 0.01), (C) significantly increased levels of DNA fragmentation (P , 0.001), and (D) significantly impaired chromatin remodeling (P , 0.001) relative to the high-density Percoll populations (n ¼ 24). ***P , 0.001, **P , 0.01. 8OHdG IN HUMAN SPERMATOZOA populations, we investigated the formation of an oxidized base adduct, 8OHdG, in these cells. The 8OHdG assay employed in the present study gave a linear response when populations of human spermatozoa were subjected to progressively increasing levels of oxidative stress generated by a combination of H 2 O 2 and Fe 2þ (Fig. 4A) . The measurement of 8OHdG formation was robust, generating interassay and intra-assay coefficients of variation of 14% and 10%, respectively (n ¼ 10), whereas the positive control included with every assay, comprising spermatozoa treated with H 2 O 2 and Fe 2þ in a molar ratio of 2:1, consistently gave high levels of base adduct formation (87.99% 6 1.64%).
Application of this assay to a large population of donor spermatozoa revealed a highly significant difference between Percoll fractions, with the poor-quality, low-density fractions generating significantly more spontaneous 8OHdG formation than the high-density, functional spermatozoa (P , 0.001) (Fig. 4B) . In an independent set of 58 donors, we measured both 8OHdG levels and CMA3 fluorescence on the same samples. Within this data set, we again found the presence of 8OHdG and CMA3 fluorescence to be significant higher in the poor-quality, low-density Percoll fractions (P , 0.001) (Fig. 5 , A and B) compared with the high-density sperm populations. Moreover, these two end points of sperm quality also were highly correlated with each other (P , 0.001, R ¼ 0.610).
Chromatin Protamination and 8OHdG Formation Are Correlated with Impaired Mitochondrial Membrane Potential and Superoxide Generation by Spermatozoa
The poor-quality, low-density Percoll fractions also were associated with a highly significant reduction (P , 0.001) in the percentage of cells exhibiting a mitochondrial membrane potential as defined by the formation of red fluorescent JC- 1   FIG. 3 . The DNA damage detected in the spermatozoa of patients undergoing IVF therapy is significantly greater than that observed in unselected donors in a manner that is highly correlated with the efficiency of DNA protamination during spermiogenesis. A) Scattergram analysis of DNA fragmentation and CMA3 binding in IVF patients and donors showing a highly significant logarithmic correlation (R ¼ 0.829) between these criteria of sperm quality. B and C) Histograms illustrating highly significant differences between donor (n ¼ 19) and IVF (n ¼ 28) patient populations in terms of chromatin remodeling and DNA fragmentation respectively. ***P , 0.001.
FIG. 4.
Measurement of 8OHdG formation in human spermatozoa in response to oxidative stress. A) A linear response was given by human spermatozoa to increasing levels of oxidative stress generated by a combination of H 2 O 2 and Fe 2þ in a molar ratio of 2:1. B) The 8OHdG levels were significantly greater in the poor-quality spermatozoa recovered from the low-density region of discontinuous Percoll gradients in comparison with the high-density fraction (***P , 0.001, n ¼ 26).
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aggregates (Fig. 6, A and B) . The loss of mitochondrial membrane potential also was significantly correlated with the impairment of DNA protamination (P , 0.001, R ¼ 0.487, n ¼ 64) as well as with the formation of 8OHdG (P , 0.001, R ¼ 0.684) (Fig. 6A) . Because sperm mitochondria also are potential sources of ROS [20, 22] , we examined the relationship between 8OHdG formation and superoxide anion production by the spermatozoa from donors and found a significant correlation (P , 0.05, R ¼ 0.303, n ¼ 50) across high-and low-density Percoll fractions that was particularly marked within the high-density Percoll fraction (P , 0.05, R ¼ 0.443, n ¼ 25).
8OHdG Formation Is Highly Correlated with DNA Damage in Human Spermatozoa
The formation of 8OHdG also was correlated with the degree of DNA damage detected in human spermatozoa (P , 0.01, R ¼ 0.253, n ¼ 94), and this association was particularly marked in the high-density Percoll fraction (P , 0.001, R ¼ 0.756) (Fig. 6C) . Because only the high-density populations of spermatozoa are used for assisted conception, this association also was examined in Percoll-purified sperm populations prepared from patients attending an IVF clinic. In this case, the reduced sperm numbers encountered within the patient population determined that fluorescence microscopy rather than flow cytometry was used to assess DNA fragmentation and 8OHdG formation. These methods of assessing 8OHdG labeling were highly correlated (R ¼ 0.664) and, notwithstanding the inherent limits of microscopy as a sampling technique, revealed the same powerful correlation between DNA fragmentation in human spermatozoa and oxidative base adduct formation (P , 0.001, R ¼ 0.574, n ¼ 48) (Fig. 6D) as observed in the donor population. Furthermore, CMA3 staining, as analyzed by both flow cytometry and microscopy on the same samples, also correlated strongly (R ¼ 0.897), indicating that for clinical samples possessing low numbers of spermatozoa, fluorescence microscopy is a viable option for monitoring the protamination of sperm chromatin as well as the presence of oxidative DNA damage.
DISCUSSION
DNA damage in the male germ line has been implicated in the etiology of several human pathologies, including infertility, abortion, dominant genetic disease, and a range of complex neurological conditions, including schizophrenia, epilepsy, and autism [17, [23] [24] [25] [26] [27] . Although the cause of this damage remains unresolved, we have advanced a two-step hypothesis to explain the origins of DNA fragmentation in the male germ line according to which poor chromatin remodeling during spermiogenesis creates in the DNA a state of vulnerability to attack by external factors, particularly free radicals [17] .
To measure the efficiency of chromatin remodeling during spermiogenesis, the DNA-sensitive fluorochrome, CMA3, was employed. The latter competes with nucleoproteins for binding sites in the minor groove of GC-rich DNA and serves as a marker for the efficiency of DNA protamination during spermiogenesis. Accordingly, staining with this probe has been shown to be positively correlated with the presence of nuclear histones [28] and ultrastructural evidence of poor chromatin compaction [29] but negatively correlated with the presence of protamines [30] . Our observation that the binding of CMA3 correlates with the presence of DNA strand breaks (Fig. 2 ) is in keeping with the results of previous studies, which indicated that impaired chromatin remodeling during spermiogenesis is a consistent feature of defective human spermatozoa possessing fragmented DNA [21, [31] [32] [33] [34] . The dependence of FIG. 5 . The efficiency of chromatin protamination during spermiogenesis is correlated with the levels of oxidative DNA base damage observed in ejaculated spermatozoa. A) A highly significant linear regression between 8OHdG expression and CMA3 fluorescence (P , 0.001, R ¼ 0.610, n ¼ 58). B and C) Highly significant differences observed within this data set between highand low-density Percoll fractions for both CMA3 (B) and 8OHdG (C). ***P , 0.001.
8OHdG IN HUMAN SPERMATOZOA sperm DNA damage on fundamental errors that occur during spermatogenesis also would explain why this pathology is correlated with elements of the conventional semen profile, particularly sperm count [35] . Furthermore, the high incidence of CMA3 positivity and DNA strand breakage observed in a population of patients attending an IVF clinic (Fig. 3) emphasizes the potential clinical significance of this association. Although these patients were significantly older than the donor population, and although age itself is an important contributor to DNA damage in the germ line [15] , the essential point is that these subjects are representative of the population whose gametes are used for assisted conception therapy, regardless of etiology. Moreover, the relationship between CMA3 positivity and DNA strand breakage observed in these subjects is supported by independent clinical data revealing that both fertilization rate and preimplantation embryonic development are negatively correlated with CMA3 fluorescence in populations of human spermatozoa [36] [37] [38] .
The impairment of sperm chromatin remodeling during spermiogenesis observed in male patients would be expected to render the sperm DNA vulnerable to attack by external agents. A central tenet of our hypothesis is that this attack is mediated by ROS. Human spermatozoa are extremely susceptible to oxidative stress [39] [40] [41] [42] , and in the present study, the experimental creation of such conditions using a combination of H 2 O 2 with a ferrous ion promoter induced the dose-dependent formation of an oxidative DNA base adduct, 8OHdG, in these cells. The biological significance of this finding was suggested by the elevated levels of spontaneous 8OHdG formation observed in the defective spermatozoa recovered from the low-density region of discontinuous Percoll gradients (Fig. 4B) . Significantly, such defective spermatozoa also are characterized by high rates of ROS formation [19, [43] [44] [45] , enhanced rates of DNA damage (Fig.  1C) , and poor chromatin remodeling, as revealed by significantly elevated levels of CMA3 binding (Fig. 1D) . FIG. 6 . Factors associated with oxidative DNA base adduct formation in human spermatozoa. A) A highly significant correlation was observed between the presence of 8OHdG and a loss of mitochondrial membrane potential as measured by JC-1 fluorescence (P , 0.001, R ¼ 0.684, n ¼ 47). B) Comparison of high-and lowdensity Percoll fractions also revealed a highly significant difference in the percentage of cells exhibiting a mitochondrial membrane potential (***P , 0.001, n ¼ 47). C) DNA damage in donor spermatozoa recovered from the high-density Percoll fraction exhibited a highly significant correlation with 8OHdG formation when both parameters were measured by flow cytometry (P , 0.001, R ¼ 0.756, n ¼ 27). D) In a clinical IVF setting, the same strong correlation was observed when the samples were scored by fluorescence microscopy to accommodate samples with low sperm counts (P , 0.001, R ¼ 0.574, n ¼ 48).
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Furthermore, a direct relationship between spontaneous 8OHdG deposition in human spermatozoa and chromatin remodeling was suggested by the highly significant correlation observed between these parameters (R ¼ 0.61, P , 0.001) (Fig. 5) , again emphasizing the vulnerability of such defective cells to oxidative attack.
A link between oxidative DNA damage and DNA fragmentation was confirmed by the powerful correlation observed between 8OHdG formation and the results of the TUNEL assay. Although this correlation was significant across the entire data set, it was particularly strong for the subset of spermatozoa isolated from the high-density region of Percoll gradients (R ¼ 0.756, P , 0.001) (Fig. 6C) . This association is significant, because these high-density cells ultimately will be used for assisted conception therapy. To confirm the significance of this association between DNA fragmentation and oxidative base adduct formation in a clinical setting, this analysis was repeated using high-density Percoll sperm preparations isolated from patients attending an assisted conception clinic. In view of the limited number of cells available for analysis under these circumstances, the assessments of 8OHdG formation and DNA strand breakage were performed by fluorescence microscopy rather than by flow cytometry. Despite the inherent weaknesses of the former technique, a highly significant correlation between these two parameters of sperm function was still observed (Fig. 6D) .
Because exposure of human spermatozoa to oxidative stress in the form of H 2 O 2 is well known to induce DNA strand breakage [46] as well as 8OHdG (present study), causative relationships between ROS exposure, oxidative base adduct formation, and DNA fragmentation could reasonably be expected to exist. The significant relationship observed between 8OHdG formation and superoxide generation by the spermatozoa observed in the present study is in keeping with such a chain of cause and effect. Moreover, that 8OHdG formation was significantly correlated with a loss of mitochondrial membrane potential might suggest a role for the sperm mitochondria in the creation of such stress. We recently discovered that sperm mitochondria represent a significant source of ROS in these cells [47] , and such a suggestion would be in keeping with the well-established association between mitochondrial superoxide generation and membrane potential [22] . It is possible that the involvement of sperm mitochondria in the creation of oxidative stress reflects the activation of an apoptotic cascade in these cells, one component of which is the release of mitochondrial ROS. If this is the case, then it is possible that some of the DNA damage seen in these cells also involves the activation of endonucleases in a pathway that culminates in cell death. When simultaneous measurements of apoptosis and oxidative stress have been performed, DNA damage has been shown to correlate predominantly with the latter [48] . However, we cannot rule out a contribution from endonucleases at this stage.
Clinically, the relevance of the present results is that they suggest a significant proportion of the DNA damage observed in human spermatozoa is oxidative in nature. This finding provides a solid rationale for use of antioxidants in the amelioration of such damage. Preliminary attempts to ameliorate DNA damage in the male germ line with antioxidants have been successful [49, 50] . To our knowledge, however, none of the studies conducted to date has met the standards of a doubleblind, randomized, crossover trial needed to recommend a given therapy for clinical practice. The data generated in the present study provide a logical platform from which to launch just such an initiative.
